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Concepts using the theory of output vector feedback (a few ; 
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measured quantities) for controller design are worked out for the 
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! completely active oscillation isolation function- for helicopters.; 

, These controller concepts are tested with various versions of i 

' the BO 105 helicopter and their iperformance is demonstrated. i 

i ' 

A compensation of the vibrational excitations from the rotor, 
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I harmonics of the number 6f blades, are compensated for. There is: 
. also a fast and automatic trim function for maneuvers. 
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NOTATION LIST 


/ 2 


in 


R 


Mass of the rotor-gear unit 


m 


Vt) 


z , z 
z’ o 


Az 

p^(t) 


(generalized) mass of the airframe 

(generalized) spring and damping constants of the body 
-Vertical excitation force (in the fixed body system) 

' . - j 

r t 

Absolute deflection of the center of mass of the 
body 

Relative deflection between rotor gear unit and body 
Actuator force 

Actuator deflection 


A? e 





ges ’ 




P 


R 





Normalized deflection of Az 
Normalized deflection of z 

z 

Helicopter mass 
Normalized excitation force 
Rotation frequency 


1 

Z 






X 

Y 


2o*“R-‘«^ ‘ 


Ps 


tti « n 


t 


Normalized perturbation amplification 
Masa ratio 

Normalized actuator amplification 

Supply pressure of actuator 
Rotor rotation angle' 


Q 



Normalized elgenfrequency of body structure 
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Normalized control pressure difference 

Normalized control variable 

Amp^l Ifi jc.at.i-Qn_f.a c.t.o r - 

I 

State vector of systems 

Dynamics matrix of system 
Actuator vector of system 
Actjuator vector of system perturbatipn- 

Measurement matrix oif system 

' ■ i 

Measurement vector o;f system ■ 

Approximate body acceleration.- 

Time constant when measuring' body acceleration 

, ^ ’ f 

(generalized) spring and damping constant of the 
intermediate support' 

j ' 

Isolation force 

K*, K* - Control matrices 

State vector of controller 

Extended output vector of systems 

State vector of perturbation model 

Dynamics matrix 

Input matrices 

Output matrix 
Estimated values of 

Estimated values of 
Matrices of Riccati 


of observer 

the state system 
perturbation state 

feedback _ 



) 



C* Transformation matrix for extending the output vector 

Z 

Ap Pressure difference '.of actuator 

Par ts .of .th.e quality criter ion ^ 

Weighting coefficients of quality criterion 

J2jR Weighting matrices 

N Dynamics matrix of the Notch isolator. 
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‘ CONCEPTS FOR THE DESIGN OF A iCOMPLETELY ACTIVE HELICOPTER 

ISOLATION SYSTEM USING: OUTPUT VECTOR FEEDBACK* ! 

I 

I 

t 

1 - 

L, G. Schulz _r i 

1 

: I 

I 

, ! 

. 1. INTRODUCTION ' ^ 

I ; 

Within the framework of the| ASIS ZKP program, the j 

DPVLR, I 1552 ‘in collaboration with the Firm MBB-UD, performed ^ 

^ theoretical investigations for the design of an active oscillation 
, isolation, system (ASIS) for the BO 105 helicopter. Also con- j 
broilers were designed for insulating the isolations for jmod^^s^ | 

) f 

: of low order. Using controllable hydraulic servoelements , 

, these controllers have the purpose of isolating the rotor-gear 

unit from the airframe of the helicopter, and the following i 

tasks are satisfied by them over; the entire operational range : i 

! , ! 

‘ i) Suppression or strong reduction of perturbing l 

i 

airframe vibrations which are harmonics of the blade 

I number • i ! 

i ‘ ; 

I ii) Limitation of the static or quasi-static relative j 

motions between the ro’tor-gear unit and the airframe | 

' using an automatic trip device. * ^ 


; * DFVLR (German Research and Test Facility for Aviation and 
' .-.~Spacefl-i-ght.).-...lnter.nal^.Repor-tJ552.=J/l6,/12 — — 
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S.in.ae„ .exactly .known discretje frequencies occur in, h e.ll c.o.pter- 

vibratlons, it is not necessary to provide wideband isolation 
of the airframe. For successful! oscillation Isolation^ it is only 
necessary to suppress dr attenuate the low blade-harmonic (that | 

is 4 n to- maximum 12 ) perturbation frequencies. | 

; - ■ ■ ! 

t , 

” i t 

Previous investigations of the Firm MBB [1] assumed that tbe^ 
differential equations (state variables) together with all the 
derivatives used in the computer' model of the airframe/rotor-geari 
unit are measured, and are used as input variables for the con- j 
troller. With this assumption, the resulting controllers are j 
extremely simple and easy to calculate, because they do not have ' 

! ■ t 

any eigen dynamics.. However, 'in' the case of the helicopter not 
all state variables are available and therefore in this report * 

i 

we make the realistic assumption, for the controller design that j 

only a few output quantities are' available as measured variables.; 

; . j 

The controller must then be designed using a method of output j 

vector feedback and then has eigen dynamics. \ 

In this report we design the controller with 'output vector i 
feedback according to two different methods. The designs are com'r- 
pared with respect to satisfying; the design criteria, suscepti- . 
bility to perturbations and the possibility of building them. | 

We also discuss its use for higher order systems and when | 

helicopter airframe mode shapes are considered. ■ i 



.2 HELI.C.OPTER COMPUTER MODELS FOR VERTICAL OSCILLATION ISOL_ATI_ON 

: ~ /5 


2.1, Computer models for vielocity feedback of the cell 
(Model 1) _ _ 

1 

In [l]j the differential equations for the completely active) 
oscillation insulation system with pressure servocontrol are ■ i 
given- When these differential lequations are established, the 
simple helicopter _ computer model of Figure 1 Isjassumed. Here 
the rot or “gear unit and the airframe are idealized by means of 
two discrete point masses which (are connected. together through . 
the active servoelement , which 'is a force generator. There is 
an additional soft support of the airframe through a special 
spring-damper element, which simulates the elastic airframe behavior 
for each mode shape. The vertical excitation which is transferred 
from the rotor to the airframe is introduced as an external per- 

I 

I 

turbation force P^,. ' 


The two mass system of Figure 1 leads to the following 
differential equation system 




-2 — • M ' 

2 « — 2»C0*L'*Z — Cl) . Z — -rr — 77? — ' Ap ' 

Z Z Z Z Z I 


( 1 ) 

( 2 ) 


where 


ip = c, 


sv 


( 3 ) 


The derivatives ’ a A are derivatives with respect to the t 

I 

angle- ij;,- 

The deflection of the rotor-gear unit Az" and the velocity ; 

t 

■dT‘"thS“ aiTTr'gmW‘‘ti‘eTlec’t'i'o'n~'z'™; are'"me'a'sure*d“'whi"c’h“then'“are' 

z 
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^a’vall‘a'bTe“US‘ 'I'nput variables for tbe controller. -"‘Th’e' ’contro'l 
variable u is tbe output quantity of tbe controller. 

The state,^r.epr.es.entat.ion..-f.br .Model T -.tbenef-ore has the 
following appearance 

jc*=AX + b"U + bg.v‘ (4) 


With the matrices and vectors 



The numerical values for the matrices A, b, bg are 



■ ' The' ’block' '"diagram of the- system with the controTTer- is- 
shown in Figure 2 . 
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2. 2.- Computer model for th.e acceleration feedback of Fhe 
airframe (Model II) 


For the computer 'Model II with acceleration feedback, ] 

again the helicopter 'ex’^lTatToh ’!mqd¥r‘'6f~’Fig is used. This 

means that .the same differential equations (1) and (2) result for,’ 
the system as for Model I. In contrast to Model I, we now assume' 
that the airframe acceleration is measured z" and fed back. Be- 
cause of the measurement technique (exact acceleration measuring 
devices), this 'acceleration feedback is preferred over velocity j 
feedback. In order to avoid that then a system results which i 

i 

could jump (same degree of the numerator and denominator poly- ^ 

nomial), a delay unit (time constant T^)’ is introduced for ; 

measuring the acceleration. This delay is represented by the 
following additional differential equation 


- t;;; ^ • -z 


( 8 ) 


If in Equation (8) we now replace 
then we find the following state' model 


by Equation (2), 


X* 


Ax + btt + bgV ^ 


( 4 ) 




( 5 ) 


with the matrices and vectors 


1 

0 

1 

(y 

0 

o 


r “ 1 

o * , 

> 

o 

o 

1 

0 

0 ■ 


o 

A * 

0 


0 

2C5^ 

0 


^sv 



z 




n-H)y 

i 

o 


0 

-- 

0 

' 

Csy.K 

s 


z - 




TFhTy 


0 

“z 

Q 


1 


^sv*4 

L 




__ 

J 




( 9 ) 


OEIGINAt' 


9i 



hi- 1 p 


1 

6 


0 ] 


“ [ A’z 




O O 0 

O O 1 


and V = Ppj. 


The numerical values for the matrices A, b, b„ are 

— — 


2.3. Computer model for feedback of the actuator 
pressure difference (Model III) 


/7 


f A 




0 

1 

0 

0 

0 

' 

* 

0 

0 

■ 0 

1 

■ p 

0 


0 

0 

n.'s? 

0 

0.068 

0 

b » 

8. 15 

0 

-11.57 

0 

-0.068 

0 


-1.24 

0 

- -11,57MO^ 

0 

rO.068,-10^ 

-io^ 


8.15-10^ 

r 0 

0 ■ fi.53 

0 

0 ] . 



' 


( 10 ) . 


I 


In order to determine the computer Model III for feeding j 
back the actuator pressure difference ^ an intermediate support j 

*. j 

between the rotor’ gear mass and the mass of the 'helicopter air- I 
frame is assumed (see Figure 3)*, Based on the experience with 
Model I [1], we here only assume a feedback of the relative 
deflection az' of the rotor gear' unit and the pressure difference; 
in the pressure servo. In this way the deflections of u ' 

- I f 

are attenuated as fast as possible^ because the helicopter 

■ air frame" is” only excited to p erf brm ‘vibrations thr6ugb"the' ‘ , 

coupling of the servo V " , because there is no soft 

‘ ~ ( j 

' .intermediate. .s.up.p.or„t... — — . 
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Pigune 3 shows the free system without ground support d_). 

In [2] a differential equation system is given for it which 

contains only the relative deflection Az and the pressure 

difference Ap of the pressure servo with the derivatives as state 

variables. The acceleration z" of the airframe is determined 

o 

from a linear combination of the state variables through the 
force which acts on the airframe or the rotor-gear unit ; 



( 11 ) 


"0.34465 Az - 4.27090 Ap 0.02299 Aa'j 

_ ■'(isolation condition) 


( 12 ) 


The state vector contains the following 'elements 


/ 


X « C 67 Ap Ax ap* J , 


(13) 


The numerical values of the matrices of the state model 
according to Equations (4) and (5) 


=Ax+bu+bgV 


1 " C X 


(4) 

(5) 


are 


— 

0 

0 

1 

0 


r ° 1 

0 

O 

O 

1 


o 

-2,655 

32.88152 

•> 0.177 

0 

b “ 

0 

O 

-805.33179 

-204.1257 

-28.37637 


SOS. 33179 





- 


5s “ [ O 6.S2455 0 ] 


(14) 


where 


C " 


ft O O o 

Lo 1 0 o 


obigwalpa®® 
OF POOH 
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3-. -MBYHeBS 0F DESIGN OF CONTROLLERS FOR OUTPUT V-EG-T-QR - - / 9 

FEEDBACK 


In Sections .3. and 3.-2 we give two methods of controller 
design which allow the system to be controlled without knowledge . 
of the total state vector x. These concepts are tailored to the 
boundary conditions found in practice ^ where there is only a 
limited number of elements of the state vector available, which can 
be measured, and only these are available as input signals for the 
controller. Using this method, the number of measurement units 
can be considerably reduced or, if the mode eigen oscillations 
of the airframe are taken into account, it becomes possible to 
control the helicopter without measuring all components of the 
eigen oscillation mode. 

3.1. Design of a dynamic compensator with additional 
notch-isolator (Controller I) 


Starting with the Investigations of [S]^ a numerical method 
of controller design with output vector feedback is developed in 
[■4] and [5]- A separate consideration of the design criteria 
mentioned in the introduction is then possible: 

I) Suppression or strong attenuation of perturbing air- 
frame vibrations which are harmonic with the blade 
number 

II) Limitation of the static or quasi-static relative motions 
between the rotor-gear unit and the airframe with an 
automatic trim device ■ 

Both criteria were separately weighted during the design and 
this led to a single controller., 
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r 


During the optimization, thie generalized qua'lTty cri"1Terr6n'''‘i 
is minimized which consists of a weighted sum of three individual 

i 

criteria 


where 


J «• J 2 * 


J ■= f ( vT Q„ Y„ + a ) I 

m ^ m **-m — fa. — I 

o . i 


(15) I 

; 

i 

I 

i 

I 

1 


For m = 1 the deviations are weighted when tbere» is a disturbancej 

' (Figure 4a) . For m' = 2 the deviations when there is a nominal 

* 

value jump u..is weighted (Figure, 4h). For m = 3 the transient ' 

‘ . . • i 

’ behavior of the system after an dnitial deflection (Figure 4c); 
is weighted. • ^ 

i 

t 

Therefore the design criterion i) is considered using the S''-' 

■ quality criterion J-. and the des;ign criterion li) is considered ' 

■ with the quality criterion J^. The additional weighting of the_ . 

' transient behavior (quality crit'erion J^) is prevented by slow j 

transient processes. 


A Notch isolator is installsed in the controller for 1 

. detecting the perturbation. Figure 5 shows, the structure of 1 
, controller I.' One can see three main components (meaning of the | 
dashed line -’see Section 4.4): 

i 

, ' I 

i) On thq^ top the integratjion of output y^_i„with subsequent ■ 

- amplification k-. . ‘ ' /lO 

) 

' li) In the center the proportional feedback of output y_. j 

: , j ^ 

iii) Below the dynamic part iof the control with the dynamics | 

matrix K|| which also contains th|e daynamic matrix N of the Notch j ' 

‘ isolator. ■ i ■' 


ORIGINAL 

OF POOR QUALIIY 
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JT-he--.matr-l-.ces K¥ are summarized as follows ln.J:,h.e, -ma.t.r.ix K* 

^ I 



The notch isolator is contained in K* as follows : 

4 



■ O ■ J K 


(16) : 
t 


(17) ! 

I 


The optimisation program now calculates the free parameters ' 

> 

of the K* matrix and the additional integral feedback parameter 
using minimization of the quality criterion J. ; 

I 

3.2. Design of a state and perturbation observer with | 

subsequent R1 c cat i -feedback (Controller II). ; 


For this observer design [6.] with subsequent Riccati feed- 
back, the complete state of the system and the perturbation are 
reconstructed from the available measurements (relative deflection 
Az of the rotor-gear unit and the a^^frame velocity zM. In this 
way no notch isolator is required in the controller. The informa- 
tion on the perturbation is given by the observer (perturbation ; 
observer ). (Figure 6). 

_i 

r 

Using the Riccati design [7] a constant feedback matrix 
K = [K-| 3 Jol is designed using la minimization of a quadratic 
quality criterion according to Figure 4a) 

J •= J { X Ro u 1 dt 

where 


t « 


(15) 



— -“—Pl-gure- 7-"^S'hows the resultinig controller. Fl-rs-t“t-he--sl-ngie- j 
and double integral of the first' component of the output 

is formed and the vector is extended to form the new vector y* 
(Figure 6c). . : 


The matrices P, G G , H and T (where z = T-x) are calculated 

u y 

in the observer ' design . The matrices = [K^, K 2 ] follow from | 
the Riccati design. The following conversion then gives 


I 


where 






IK, 




(Figure 6b) . 


' / 11 


- 


1 

1 

Rj 

G i- 


1 

1 

Ft . Rj 


- 




(18) 




and the intermediate numerical values are calculated. 

i 


In contrast to controller I,, the design criterion (i) is 
systematically covered (according to Figure 4a). By proper 
selection of the weighting matrices and the- design 
criterion ii) (see introduction) is approximately satisfied. 


ORIGINAL PAGE 
OP POOR QUALITY, 
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GOMFLE-T-ELY ACTIVE OSCILLATION ISOLATION OF THE. HELigOETER . /12 

BO 105 - CALCULATED RESULTS AMD SYSTEMS ANALYSIS IN THE TIME 
AMD FREQUENCY RANGE 


In this section we will diacuss the performance of the con- 
troller discussed in Section 3 and its use for oscillation isola- 
tion in the helicopter BO- 105* The following design goals must 
be met - discussed in Sections! 4.1 and 4.3- 

' J 

a) Oscillation isolation ('Criterion i)) must be obtained 
with the normalization of the variables 

1- u'<'l'/3 ^ 

2. - bzw. 2 ^ -► o ' 

3. iz < 0*2 

3) In order to limit the quasistatic relative motions 
Criterion ii)) (maneuver case) we must have 

1.' Az < 0.2 . 

In Section 4.4 we apply the following design criteria with 
different normalization of the ' variables 

Cl) -1. u c 0.6 
2. Az < 0.2 
■ 3. Ap < 0.6 

, e) 1. Az < 0.2 ., 

4.1. Design of the dynamic compensators (Controller I) for 
velocity feedback (Model I) 


The optimization of the controller results in the following 
uontroller matrix K* (see Section 3-1) 


16 


- 21.87 ■ - 3.22 I O 1 01 

z j — 

401.49 25.21 j O “26.46 0 0 

256. 88 12.88 I 1 -15.23 .0 ' O 

■ 0 6.67 I 0 0 0 -16 

O - 0.2 ■ 1 O O 1 0 

and the additional feedback 

It', ■= “ 3.33 

of tbe integral through Az". /1 3 

The time variations of the state and controller variables 
for the perturbation compensation are given In Figures 8 to 13 . 

Figure 8: Variation of perturbation. 

Figures 9 - 12 : Transient- behavior of airframe. The air- 

frame settles down after about 1.5 rotor revolutions 
(Figures 10 and 11 ) . 

The actuator variable u then goes to zero (Figure 13)* 

Figures 15 to l8 show the trim behavior of the system 
after a 2.5 g maneuver given in Figure l4 (1 - 2.5 g in 0.5 sec). 




The maximum deflection of Az remains below 0.2. We have 
(Figure l6). 

The design criteria given above are therefore satisfied. 

The error sensitivity if there is a mismatch of the notch 
isolator is shown in the following. Figures 19 - 23 -show the time 
variation when the perturbation frequency is changed by - 3^. 
Figures 24 --28 show the time variations when the perturbation 

original 

POOR QUALU X 



fregiie.njc. 5 f . is changed by + 3^. Ube helicopter airframe, no ._long.er 
settles down. 

The Bode diagrams of the perturbation transfer functions 
of the control system are given in Figures 29 - 31* Clearly the 
effectiveness of the Notch isolator can be seen in Figure 31 
for 0 ) = 4. 

4.2; Design of the dynamic compensater (Controller I,) 
for acceleration feedbakc (Model II) 

Optimization of the controller gives the following controller 
matrix K 


- 8.06 

-0.34 

I 

o 

1 . 

0 

1 

52.32 

-7.04 

1 

0 

-11.43 

0 

0 

50.66 

1.66 

! 

1 

1 

- 8.90 

0 

0 

0 

0.26 

1 

\ 

0 

O 

0 

-16 

0 

-0.20 

1 

1 

o 

O 

1 

O 


and the additional feedback 

k^ = - 1.39 

of the integral through Az. 

The time variations of the istate and controller variables 
for the perturbation variable compensation are given in Figures 
32 to 38. 

Figure 32: Perturbation history. 

Figures 32 to 37 i Transient behavior of the airframe. The 
airframe settles down after about 2 rotor revolutions. 

The controlled variable u goes to zero (Figure 38). 
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- -Fi-gu-res- 40 to 45 show the trim behavior of the- -s-y-stem-for 
a 2.5 g maneuver of Figure 39- 


The maximum deflectioj n _ in r emains b elow 0.2, and we 

haA^ ’l^^lnhx ” (Figure 4l). 


Therefore the design criteria' .given above are satisfied. 

The Bode d-dagrams of the perturbation transfer functions of 

the control system are given in Figure 46-48. ! 

1 

4 . 3 . Design of the observer with Rlccatj- feedback (Con- 
' troller II) for velocity feedback (Model I) 


Optimization of the controller gives the following con- 


troller matrix 

(see 

Section 

3:- 2) 






- 79.41 

-11.92 

- 30.36 

56.30 [ 

51.79 

- 253.90 - 

3.21 

- 25.40 




7.39 

0.74 

- 2,21 

2.95 1 

0.47 

- 21,82 

0.34 

- 2.68 


(21) 


' 15.82 

■- 0,92 

- 2.90 

7.09 

3.36 

- ‘45. '98 

0.52 

- 4.10 



340.17 

SI. 74 

132.26 

-238.74 1 

-220.52 

■ 1081.16 

-15.68 

-110.17 



1 ' 

- 27.14 

- 0.27 - 

- 10.91 

25.08 

20.31 

99,57 . 

- 0.74 

- 11.97 



’ 

r .... 

. T 



. - 



— 




The time variations of the state and control variables for 
the perturbation compensation are given in Figures 49 to 54. 


Figure 49: Variation of perturbation ' 

Figures 50 - 53: Transient, behavior of airframe. The 

airframe settles down after about 1 1/4 rotor revolutions. 

The controlled variable u goes to zero (Figure 54). 


Figures 56 to 60 show the trim behavior of the system for a 
'2 'g' -maneuver" -o-f- 4Pi‘gu-re""5-5“.- - - ^ 
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The maximum deflection Az just reaches the allowable limit 
of 0.2. An additional reduction in the deflection Az leads to 
a controller which-_dQes not completely com pens ate for the 
vibrational disturbance. Residual vibrations then remain. 

I 

\ 

The air sensitivity for a perturbation frequency ’“s ° o + 
increased by 3 % is shown in Figures 6l to 65- It is shown in 
Figures- 66 to 7-0- for '“| = “s d- . The rele,vant quantities , 

the airframe deflection and the airframe velocity z^, have ; 
deflections which are about 10 times smaller than when controller' 

I is used (Figures 19 to 28). This perturbation observer is 
less sensitive to mismatches than the Notch isolator. 

The Bode diagrams of the perturbation transfer functions | 
(Figures 71 to 73) confirm this insensitivity regarding the mis- , 
match as Figure 73 shows. The gap at m = 4 is clearly wider than' 

*in -Figure 31 or Figure 48. 

4.4. Design of the, dynamic compensator (Controller I) for /15 
feedback of temperature difference of the actuator 
(Model III) . 


The optimization of the controller results in the following 1 

I 

controller matrix K* ' • ' ' 


i 

- 5.04 

- 1.95 j 

0 

1 

0- 


n 

i 

! . . 

2.33 

15.93' j 

0 

-3.83 

0 

o 

1 

' K* = 

28.54 

- .29 . ! 

1 

-7.36 

0 

o 

■ 

1 

1 

4.02 

-16-:99 - 

0 

0 

' 0 

-16 



- 0.20 

- ■ .72 1 ' 

0 

o. 

1 

o 



and' the ad'dTtional feedback k^ = - 0.4l 


( 22 ) 


1 


of the integral through As. 



1 



- -—i-n- contrast to the basic Co.ntroller I (Figure-‘5“)'=^t'he-"i'ntegrai 

; j Az dij i; is also introduced into the dynamic part of the controller 

(see dashed line). For this pur^pose, the matrix KM is extended . 

^ i 

to . J 


r 


I 

r 


• 3.33 
20, 54 
1.04 . 
- 0.20 


. 15.93 

- '.29 
“16.99 

- .72 


i 1.55 

I 

j 3.36 

1 » 

i O 


(23) 


The time j^iations / of the -istate and control variables for 
the perturbation variable compensation are given in Figures 74 
to 80. Since Controller I does inot simulate the state, the 
Notch isolator is also- not excited according to the isolation 
condition (Equation 12). The airframe acceleration K'- is pro- 
portional to F;^^ and does not jgo completely to zero. 


Figures 82 to 86 show the'^trim behavior of the system aft'er-] 
a 2.5 g maneuver according to Figure 8l. The relative deflection 
remains within the permissible limit 


0.031 


The Bode diagrams of perturbation transfer functions are 
given in Figures 87 to 89 . 


« 4. 5- Comparison of results; regarding satisfaction of tbe j 

( design criteria,, the perturbation sensitivity of the i 

^ '"j ' . -*=-^ 

design, the computer [calculation requirement for the 1 

; design and 'the feasibility j 

> 1 

i 

I 

Investigations in this chapiter have shown that the method of 

* i 

output vector feedback for controller design can be applied to the!'’ 

problem of oscillation isolation! of helicopters using a few | 4 

measured quantities . The system motions remain wi't’hih^tfie" ~ > 

, ' ' i * , 

; design limits. Two different methods of controller design were ‘ - 

^ ,iny:e,s,tigat,e.d,,,..a.-jdy,namic_c.omp-ens.atjo.r^_.,(jlo.nt.rpAl-e„r.=.lA^aild„^n ^observer’ 

_ I 
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wl'th' Rle'cati feedback (Controller II). 
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The system- motions during the transient processes for 
perturbation compensation are .clearly .smaller f.or Controller II 
than for Controller I. For the Controller I in Figure 11, we have 

Controller II in Figure 52 • • 

The duration of the transient process is about 1-1.5 rotor 
revolutions in both cases. On the other hand, the maximum de- 
flection Az of the rotor-gear unit for Controller I is clearly 
smaller « o.gai ’ , Figure 16) than for Controller II 

« o. 2 i , Figure 57)* For Controller II, we reached the 
design limit at the relative deflection Az". For Controller I the 
amplitude of still be decreased to offset Az. One can 

also expect that the error sensitivity will decrease if there 
is a mismatch of the Notch isolator (Figures 19 to 28 compared 
with Figures 6l to 70, .also the Bode diagrams. Figure 31 ^ 
compared with Figure 73). - - 

The systematlcs of the design of Controller I allows one to 
consider several criteria but the computation times are' large 
(about 30 to 50 minutes of CPU time). On the other hand, the 
Controller II only requires small computation times (about 1-3 
minutes of CPU time) for a computer run. 


In addition, the Controller I has a reduced number of 
parameters (about 10-15) and is easier to build than Controller II 
(about Mo parameters). Controller II is more complex. The 
simple Integral over Az is not sufficient to satisfy the design 
goals. The relative deflection Az must be integrated twice in 
order to reach the design goal HT' (lAfft' 0.2), 


Sections 4.-2 and M.4 discuss the Controller I fo-r .two . 
additional helicopter models (II .and III), and its effectiveness 
is demonstrated. 


I 


22 


QUALl'T? 



We were able to show that tested and effective controller 
concepts with output vector feedback are available which allow 
a completely active oscillation isolation system for a helicopter. 
These controllers do not require the complete state vector of the 
system as input variables^ to eliminate disturbance or for guaran- 
teeing trimming during maneuvers’. They only require the output 
vector 5 which has a low order (a few measurement terms). This 
means that these controllers can also be used when eigen oscilla- 
tion modes of the airframe are considered, without measuring the 
corresponding oscillation mode and their derivatives. We must 
only guarantee that these oscillation modes can be observed with 
a single measurement variable . 


SUMMARY AND OUTLOOK 
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In this report we discussed concepts for designing a com- 
pletely active helicopter isolation system using output vector feed- 
back. Three different dynamic models of the helicopter including 
rotor-gear unit were introduced. Two high performance methods 
for controller design using output vector feedback were applied 
to the helicopter models mentioned above, a dynamic compensator 
and an observer with Rlccati feedback.- The two design criteria 
for perturbation compensation with vibration excitation which is 
harmonic with the blade number as well as trim behavior for a 
2,5 g maneuver .were maintained with the controller design. These 
controllers do not require the knowledge of the entire state vec- 
tor for satisfying the design goals. Therefore, their structure 
is very well suited for controlling higher order models, i.e., 
helicopter models including modes of the airframe. 
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Figure 3* Helicopter model 2 for a completely active 
oscillation isolation, system. 
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Eigure 4a. Perturbation weighting ^ 



^Figure 4b. Weighting of the control behavior. 
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Figure 4c. Weighting of the transient behavior. 

i 

T-be -square -’Of -the shaded area is the contribution- -to^-each . 
quality criterion. 
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Figure 3 . Controller I . 
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Figure 6c. Structure of element C^. 
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F.igure, J.-- .Controller II. 
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■Figure 11. Variation of air-frame deflection 



Figure 12. Velocity of relative ideflection. 



•Figure 13. Control variable. 
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Figure 17- 


Figure l8. 
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Figure 23- Control variable. 
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Figure 28. 


Control variable-. 
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Figure 29. Bode diagram of perturbation Figure 30. Bode diagram of perturbation 

transfer function of relative deflection transfer function of relative acceleration. 
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■Figure 31. Bode diagram of perturbation transfer function 
of airframe acceleration. 
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Figure 32 . Perturbation. 
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Figure 33- Relative deflection. 



Figure 3^* Delayed airframe acceleration. 
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Figure 39. 2.5 g maneuver perturbation 
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Figure 40 . Control variable. 
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Figure 4 l, Relative deflection. 
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Figure 42. Delayed airframe aceeleration. 
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Figure 43* Airframe deflection. 



Figure 44. Relative deflection velocity. 
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Figure 46. Bode diagram of perturbation 
transfer function of relative motion. 
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Figure 4?. Bode diagram of perturbation 
transfer function of relative acceleration. 
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Figure 48. Bode diagram of perturbation transfer function of 
delayed airframe acceleration. 
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Figure 49- Perturbation. 
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Figure 50. Relative deflection 
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Figure 51 • 


Airframe velocity. 
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Figure 52. Air frame deflection. 



I Figure 5^ • 
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Figure 62. Airframe velocity. 



Figure 63 . Airframe deflection. 
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66. Relative deflection,. 
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67- Airframe velocity. 



Figure 68. Airframe deflection 




Figure 70. Control variable. 
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Figure 71. Bode diagram of the pertur- 
bation transfer function of relative 
deflection. 



Figure 72. Bode diagram of the perturbation 
transfer function of relative acceleration. 
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Figure 73* Bode diagram of the perturbation transfer function 
of airframe acceleration. 
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7^. Perturbation sequence. 



75. Relative deflection. 



76. Differential pressure of actuator. 
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Figure 77* Relative deflection velocity. 
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Figure 78. Derivative of differential pressure. 




Figure 79- Isolator force. 
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Figure 80. 



Control variable. 
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Figure 8l. 2.5 g maneuver perturbation. /57 



Figure 82. Control variable . 



Figure 83 . Relative deflection. | 
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Figure 87 . Bode diagram of perturbation 
function of relative deflection. 



Figure 88 . Bode diagram of perturbation 
function of relative acceleration. 
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Figure 89. Bode diagram of perturbation function of 
airframe acceleration. 
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